-Marine teleosts constantly lose water to their surrounding environment, a problem exacerbated in fish exposed to salinity higher than normal seawater. Some fish undergo hypersaline exposures in their natural environments, such as shortand long-term increases in salinity occurring in small tidal pools and other isolated basins, lakes, or entire estuaries. Regardless of the degree of hypersalinity in the ambient water, intestinal absorption of monovalent ions drives water uptake to compensate for water loss, concentrating impermeable MgSO4 in the lumen. This study considers the potential of luminal [MgSO4] to limit intestinal water absorption, and therefore osmoregulation, in hypersalinity. The overall tolerance and physiological response of toadfish (Opsanus beta) to hypersalinity exposure were examined. In vivo, fish in hypersaline waters containing artificially low [MgSO 4] displayed significantly lower osmolality in both plasma and intestinal fluids, and increased survival at 85 parts per thousand, indicating improved osmoregulatory ability than in fish exposed to hypersalinity with ionic ratios similar to naturally occurring ratios. Intestinal sac preparations revealed that in addition to the osmotic pressure difference across the epithelium, the luminal ionic composition influenced the absorption of Na ϩ , Cl Ϫ , and water. Hypersalinity exposure increased urine flow rates in fish fitted with ureteral catheters regardless of ionic composition of the ambient seawater, but it had no effect on urine osmolality or pH. Overall, concentrated MgSO4 within the intestinal lumen, rather than renal or branchial factors, is the primary limitation for osmoregulation by toadfish in hypersaline environments. toadfish; osmoregulation; kidney; gill; water absorption IN MARINE ENVIRONMENTS, FISH are hypoosmotic to their surroundings and suffer from continual diffusive water loss and influx of salts. The primary solution to this problem is active ingestion of the ambient water (35), followed by absorption of salts and water by the gut (36 -38), with subsequent branchial excretion of monovalent ions and rectal or renal excretion of divalent ions (2, 4, 21), resulting in water gain, which balances the diffusive water loss. Maintaining water balance is thus an integrative process requiring the interaction of three osmoregulatory organs of the fish: the gut, gill, and kidney.
IN MARINE ENVIRONMENTS, FISH are hypoosmotic to their surroundings and suffer from continual diffusive water loss and influx of salts. The primary solution to this problem is active ingestion of the ambient water (35) , followed by absorption of salts and water by the gut (36 -38) , with subsequent branchial excretion of monovalent ions and rectal or renal excretion of divalent ions (2, 4, 21) , resulting in water gain, which balances the diffusive water loss. Maintaining water balance is thus an integrative process requiring the interaction of three osmoregulatory organs of the fish: the gut, gill, and kidney.
While the osmoregulatory mechanisms in both freshwater and marine teleosts have been studied in detail, investigations of hypersaline exposure are relatively rare, and none of these studies have investigated limiting factors on survival to high salinities. Some species in which hypersaline osmoregulation has been studied include the sailfin molly (6) , "California" Mozambique tilapia (33) , gilthead sea bream (32) , Senegalese sole (1), eel (20, 36) , and gulf toadfish (5, 22) . In general, exposure to hypersalinity exacerbates the requirements of the hypo-osmoregulatory system (36) ; drinking rate, plasma osmotic pressure, intestinal absorption, and plasma concentrations of Na ϩ and Cl Ϫ , as well as Na ϩ -K ϩ -ATPase activity in the gut and gill, are all greater than observed in seawater.
Survival under conditions of extreme ambient salinity may be limited by each of the three organs involved in osmoregulation by marine teleost fish. First, elevated ambient salinity will challenge fish with increased uphill Na ϩ and Cl Ϫ gradients, opposing excretion of these ions across the gill (5) . Second, three impacts on the intestinal contribution to osmoregulation during hypersaline exposure are likely important in determining tolerance: an increase in drinking rate, increased Na ϩ and Cl Ϫ absorption by the epithelium (5, 9) , and higher concentrations of Mg 2ϩ and SO 4 2Ϫ in the intestinal lumen as the absorption of Na ϩ , Cl Ϫ , and water increases (5) . At high salinities, as Na ϩ , Cl Ϫ , and water are absorbed, Mg 2ϩ and SO 4 2Ϫ become the dominant electrolytes in the luminal fluids due to the relative impermeability of the epithelium to divalent ions (14, 35) , potentially limiting water absorption by the intestinal epithelium (5) . These processes create a scenario in which permeable ions comprise a smaller fraction of the luminal fluid osmotic pressure, and impermeable ions become increasingly concentrated due to higher epithelial water absorption, making uptake of Na ϩ , Cl Ϫ , and thus water, increasingly difficult. Hypothetically, toadfish should have greater hypersalinity tolerance if the encumbrance imposed by concentrated MgSO 4 in the lumen is removed or reduced, as this may enhance the ability of the epithelium to absorb water. Last, while luminal MgSO 4 may thus limit tolerance to extremely high salinities, some MgSO 4 is inevitably taken up by the intestine and must be excreted, a function of the marine teleost kidney (15) . Since marine teleosts are incapable of forming hyperosmotic urine (15) , an increased demand for renal MgSO 4 excretion is likely to result in higher rates of urine flow, and thus water loss, posing another potential limitation for survival in hypersaline environments.
The organism used in the present study, Opsanus beta (Goode and Bean) is a subtropical species of toadfish found throughout Biscayne and Florida Bays. These fish are bottomdwelling (3) and inhabit small home ranges, although seasonal habitat shifts are experienced by this species, likely associated with temperature and/or reproduction (34) . Distribution of toadfish are correlated with several variables, including depth, temperature, dissolved oxygen, and density of the seagrass Thalassia (34, 39) . Salinity, however, does not appear to be a contributing factor determining abundance, and toadfish are naturally exposed to a wide salinity range (19) , with a maximum mean bay-wide salinity reaching 41.8 parts per thousand (ppt) (17) ; toadfish have been observed residing in areas where local mean salinities are as high as 59.3 ppt (18) . Considering the characteristics of its natural environment, it is perhaps not surprising that O. beta is known to maintain normal water and salt balance between 5 and 50 ppt and can survive for at least 7 days in 70 ppt (22) .
In this study, we investigate the physiological response of O. beta to hypersalinity, with the objective of determining which of the osmoregulatory processes (intestinal water absorption, renal water loss associated with excretion of divalent ions, or branchial extrusion of Na ϩ and Cl Ϫ against an increased gradient) limits survival of toadfish exposed to hypersalinity. While the impact of MgSO 4 independent of NaCl has been investigated with respect to kidney function and urine production (24) , this is the first study to consider the impact of MgSO 4 concentration within the intestinal lumen on water balance. Our hypotheses were that Na ϩ and Cl Ϫ extrusion at the gill would be limited by elevated ambient NaCl, and water absorption by the intestine under hypersaline conditions will be limited by concentrated luminal MgSO 4 . However, an alternative hypothesis is that in fish exposed to hypersalinity intestinal uptake of Mg 2ϩ and SO 4 2Ϫ will increase, resulting in increased demand for renal ion excretion and, therefore, water loss. This third potential limitation on osmoregulation in hypersalinity was also tested as part of the present study.
MATERIALS AND METHODS
Experimental animals. Gulf toadfish (Opsanus beta) were obtained from local shrimp fishermen and kept in aerated, 62-liter tanks receiving a continuous flow of natural filtered seawater from Biscayne Bay (Bear Cut, 34 -37 ppt, 22-26°C) with shelters of polyvinyl chloride tubing. Immediately upon receipt, fish were treated with malachite green to remove external parasites (23) . Fish were fed to satiation weekly, but food was withheld at least 4 days before experimentation. Fish were kept in the laboratory and used in experiments according to an approved University of Miami Animal Care Protocol (IACUC no. 09 -001).
Exposure to hypersalinity. Fish were transferred in groups of 6 -8 to hypersalinity (50, 60, 70, 77, and 85 ppt) to 62-liter aerated tanks, continuously circulated through a biofilter. Two types of hypersaline waters were made by adding either sea salt (Instant Ocean) or NaCl alone to 35 ppt seawater. The osmolalities of the two hypersaline waters at each salinity varied by no more than 1.7%. The concentrations of Na ϩ , Cl Ϫ , Mg 2ϩ , SO 4 2Ϫ , Ca 2ϩ , K ϩ , and total CO2 in these media are given in Table 1 . After a 24-h exposure period, blood samples were obtained by caudal puncture and immediately centrifuged to isolate the plasma. Toadfish were then euthanized with an overdose of tricaine methanesulfonate (MS-222) anesthetic (2 g/l), and intestinal fluid samples were collected by dissecting the full length of the intestine between the pyloric and rectal sphincters and draining the luminal fluid into a sample tube. The osmolality and total CO 2 concentrations of the plasma and intestinal fluids were measured immediately after sampling, and samples were frozen at Ϫ20°C for later ion analysis.
Intestinal sac preparations. Four sets of experiments using intestinal sac preparations were performed. Each experiment was planned to address a specific aspect of luminal [NaCl] and [MgSO 4] effects on salt and water transport across the intestinal epithelium. The ionic composition and osmolalities of the salines used in these experiments are shown in Tables 2-5 .
Intestinal sac preparations were made according to the following protocol, modified from Grosell and Taylor (11) . Anesthetized (0.5 g/l MS-222) fish (35 ppt) were killed by a blow to the head followed by spinal transection, and the anterior intestinal segment was isolated. A filling catheter of polyethylene (PE)-50 (I.D. 0.58 mm, O.D. 0.965 mm) tubing, heat flared on one end, was inserted into the anterior end of the intestinal segment and tied in place with 3-0 silk sutures. The tissue was then rinsed with 5 ml of the appropriate luminal saline (see Tables 2-5 ) to remove any intestinal contents. The distal end of the tissue segment was then tied closed with 3-0 silk. The resulting sac preparation was filled with luminal saline containing 0.25 Ci/ml polyethylene glycol 14 C-4000 (PEG, specific activity 13.0 mCi/g) and sealed; the initial full weight of the sac was then determined. The 1-ml Hamilton syringe containing the filling saline was weighed before and Composition of serosal and luminal salines for experimental set 1. All concentrations are expressed in mM; osmolality in mosm/kg. Serosal saline was gassed with 0.3% CO2/O2 mix prior to and throughout the 2-h flux period.
after filling the sac preparation to determine the exact volume of saline added to the sac, and the saline remaining in the syringe was kept as a reference initial sample of mucosal saline. To ensure that the remaining saline in the syringe was reflective of the saline contained in the sac preparation, saline was flushed back and forth between the sac preparation and the syringe three times prior to sealing the filling catheter. The filled sac was placed in a scintillation vial containing 15 ml of serosal saline, which was gassed with 0.3% CO 2/O2 mix for at least 30 min prior to and throughout the flux period, and an initial 1 ml serosal saline sample was taken. After a 2-h flux period, the sac preparation was removed from the vial and a final 1-ml serosal saline sample was taken. The sac preparation was blotted dry and weighed to determine the final full sac weight. The sac was cut open at the distal sutures, and the luminal saline was collected in a tube. Subsequently, the sac was cut longitudinally and blotted dry, and the weight of the empty sac, including the filling catheter and sutures, was determined. The catheter and sutures were removed, and the tissue segment was stored overnight at 4°C to allow the tissue to relax prior to determining the surface area by tracing the spread-out tissue segment on paper, weighing the traced area, and correcting against the weight of 1 cm 2 paper. Radioactivity of samples of the initial saline and saline collected before and after the flux period were measured using a Packard liquid scintillation analyzer (Tri-Carb 2100TR), following the protocol described by Grosell and Taylor (11) . Initial and final saline samples were also measured for pH, total CO 2, osmolality, and ionic composition, as described below.
Experimental set 1. Luminal salines (Table 2) were designed to mimic the ion concentrations measured in the intestinal fluids of fish exposed in vivo to seawater (35 ppt) supplemented with sea salt to 70 ppt or supplemented with NaCl alone to 70 ppt (Table 6 ). In vivo, the intestinal fluid osmolalities of fish from these two exposure groups were different. Thus, an additional treatment was added in which the osmolality of luminal saline, which mimics the intestinal fluids of fish exposed to 70 ppt supplemented with NaCl (350 mosm/kg) was adjusted with mannitol to be isoosmotic to the luminal saline, which mimics intestinal fluids of fish exposed to 70 ppt supplemented with sea salt (374 mosm/kg).
Experimental set 2. To examine the impact of luminal ionic composition on intestinal fluid absorption, [MgSO 4] and [NaCl] of the luminal saline were adjusted in opposing directions, so the saline with the highest [NaCl] (150 mM) had the lowest [MgSO4] (59.5 mM) and vice versa, maintaining the same osmolality in all treatments (Table 3) .
Experimental set 3. Next, the impact of intestinal fluid composition on the ability of the tissue to absorb fluid against an osmotic gradient was determined. Two treatments were made, one with high [NaCl] (150 mM) and only 1 mM MgSO 4, and the other with low [NaCl] (90 mM) and a roughly equal concentration of MgSO4 (95.1 mM). The luminal saline value of 150 mM Na ϩ in the high-NaCl treatment exceeds physiological levels of Na ϩ in the intestinal lumen, while the low NaCl value of 90 mM is closer to the observed luminal concentrations in vivo in the present study, as well as previous observations (22) . Both treatments were adjusted with mannitol from 300 mosm/kg to ϳ320, 340, and 360 mosm/kg (Table 4) .
Experimental set 4. Finally, the impact of elevated luminal MgSO 4 and the associated osmotic pressure on fluid absorption was quantified. Two treatments were used to determine the effect of [MgSO4] and osmolality differences, independent of [NaCl]. The first treatment approximated the ionic composition of luminal fluids of fish in 35 ppt (40) . The second luminal saline was identical to the first, but with an additional 60 mM MgSO 4 (Table 5) .
Ureteral catheters. Fish were anesthetized in 0.5 g MS-222/l seawater and fitted with ureteral catheters, as described by McDonald et al. (23) . PE-10 tubing (I.D. 0.28 mm, O.D. 0.61 mm) was filled with 150 mM NaCl solution (colored by adding 3 or 4 drops of food coloring to a 15-ml aliquot), inserted into the urogenital papilla and Composition of serosal and luminal salines for experimental set 2. All concentrations are expressed in mM; osmolality in mosm/kg. Serosal saline was gassed with 0.3% CO2/O2 mix prior to and throughout the 2-h flux period. Composition of serosal and luminal salines for experimental set 3. All concentrations are expressed in mM; osmolality in mosm/kg. Serosal saline was gassed with 0.3% CO2/O2 mix prior to and throughout the 2-h flux period. Composition of serosal and luminal salines for experimental set 4. All concentrations are expressed in mM; osmolality in mosm/kg. Serosal saline was gassed with 0.3% CO2/O2 mix prior to and throughout the 2-h flux period. advanced dorsally. The catheter was tied to the papilla with 3-0 silk ligatures. After insertion of the catheter, a ventral incision was made anterior to the rectum, and each of the two urinary bladders was ligated as close as possible to the ureter end, thereby bypassing both bladders and resulting in collected urine, indicating kidney function only. Oxytetracycline powder was dusted into the body cavity to prevent infection of the wound before closing with running 3-0 sutures. A PE-60 (I.D. 0.76 mm, O.D. 1.22 mm) sleeve, heat-flared at each end, was placed on the catheter close to the papilla and joined to the PE-10 catheter with glue (Permabond). The sleeve was then sutured to the body below the caudal fin to anchor the catheter.
Catheterized fish were weighed (0.084 Ϯ 0.006 kg) and placed in individual, aerated flux chambers of ϳ2-4 l with 35 ppt seawater and allowed to recover overnight. The ends of the catheters were placed such that urine drained from the catheterized fish into preweighed 2-ml sample tubes covered in Parafilm, located ϳ5 cm below the water levels in the flux boxes. Urine and water samples were taken every 12 h for 72 h, and the samples were measured immediately upon collection for mass, osmolality, total CO 2, and pH, and stored at Ϫ20°C for later ion analysis.
Analytical techniques and calculations. Urine, intestinal fluids, plasma, and saline samples from the experiments described above were all analyzed using the same methods. Osmolality was measured using a vapor pressure osmometer (Wescor 5520), total CO 2 was measured with a Corning 965 carbon dioxide analyzer, and pH was determined using a microelectrode (Accumet 13-620-96 Fisher Scientific) coupled to a Radiometer pH meter (PHM201). Fluids were analyzed for Cl Ϫ and SO 4 2Ϫ by anion chromatography (Dionex 120), and for Na ϩ , Mg 2ϩ , K ϩ , and Ca 2ϩ with fast sequential flame atomic absorption spectrometry (Varian 220) using an air/acetylene flame. Base equivalents were calculated from total CO2 (tCO2) and pH measurements using the Henderson-Hasselbalch equation, as described by Genz et al. (5) .
Ion flux across intestinal sac preparations was calculated as the difference between the initial and final amounts of ion (mol) in the lumen per cm 2 tissue per hour. 14 C PEG-4000 was used as a tracer to determine water movement across the tissue. Water flux was calculated as described by Grosell and Taylor (11) , as the difference in concentration of 14 C PEG between initial and final luminal samples per cm 2 tissue per hour. Briefly, the initial volume was calculated as the volume of saline used to fill the sac preparation, corrected for dilution of the filling saline by mixing with fluid contained within the lumen during the filling process. The final volume was calculated as the concentration ratio of 14 C PEG of the initial saline and the final saline, multiplied by the initial volume. All radioactivity measurements were corrected for instrument background. Urinary excretion of ions was calculated as the concentration of the ion (mM) in the urine multiplied by the urinary flow rate (ml·kg Ϫ1 ·h Ϫ1 ). Statistics. All values are given as means Ϯ SE. Differences between means were considered statistically significant when P Ͻ 0.05. Differences in in vivo exposure and intestinal sac preparation experimental data were examined using one-way ANOVA, followed by Bonferroni corrected t-tests for normally distributed data. Data that were not normally distributed were examined using Kruskal-Wallis one-way ANOVA on ranks followed by Dunn's method. Two-way ANOVA on ranks with time and treatment as main factors was used for renal data, followed by post hoc Holm-Sidak test against the control. Significant factors were examined further using one-way ANOVA.
RESULTS
Exposure to hypersalinity. The osmolality of plasma and intestinal fluids of fish exposed to hypersalinity adjusted from 35 ppt with either sea salt or NaCl significantly increased with increasing salinity (Fig. 1) . At salinities of 70 ppt and above, fish in the low [MgSO 4 ] treatment have significantly lower osmolality in both plasma and intestinal fluids than fish exposed to hypersaline water of the same osmolalities but with standard seawater ionic ratios. In addition, the osmolalities of the intestinal fluids and plasma are strongly correlated (Fig. 2) . Fish exposed to 85 ppt experienced high mortality rates, and data from surviving fish are not included in Fig. 1 . Interestingly, mortality was greater in fish exposed to 85 ppt adjusted with sea salt (100%) than with NaCl (75%). Precipitates were observed in the intestinal fluids of most fish in vivo, but no attempt was made to quantify any aspect of intestinal CaCO 3 precipitation.
The ionic compositions and total CO 2 of intestinal fluids and blood plasma of fish exposed to hypersalinity are shown in Tables 6 and 7 , respectively. Ionic concentrations of intestinal fluids could not be measured in the sea salt treatment at 77 and 85 ppt because of small sample volumes. However, in the intestinal fluids for which analyses could be completed, Na ϩ is consistently elevated in samples from the NaCl treatment compared with samples from fish in seawater supplemented with sea salt. Similarly, Mg 2ϩ , SO 4 2Ϫ , and Ca 2ϩ concentrations all are greater in the sea salt (high MgSO 4 ) group than the NaCl group at 60 ppt, with this trend continuing at the higher salinities. There are few differences between treatments in the concentration of ions in the plasma, although Ca 2ϩ and K ϩ are less concentrated in the plasma of fish exposed to NaCladjusted seawater, particularly at 70 and 77 ppt. In contrast to expectations from elevated intestinal HCO 3 Ϫ secretion, no decrease in plasma total CO 2 with increasing salinity was observed. Rather, an increase was observed at 77 and 85 ppt in NaCl-supplemented seawater (Table 7) . This increase corresponds to increases in concentrations of all electrolytes compared with seawater controls. Nevertheless, it cannot be dismissed that the caudal puncture technique applied in the present study might have masked subtle changes in plasma total CO 2 .
Intestinal sac preparations. The first set of experiments using intestinal sac preparations was designed to mimic the in vivo exposures; the luminal salines (Table 2) were created on the basis of the observed ion concentrations of intestinal fluids from fish exposed to each of the 70 ppt waters (Table 6 ) with the exception of HCO 3 Ϫ , which was maintained at a low concentration to avoid precipitation. A clear difference between the compositions of the two luminal 70 ppt salines, reflecting the in vivo observations, was a lower osmolality in the intestinal fluid of fish exposed to the NaCl treatment ( Table  2 , Fig. 1 ). The substantial water loss observed under conditions mimicking in vivo fluid chemistry of 70 ppt sea salt-exposed fish was abolished in preparations exposed to salines mimicking the fluid chemistry of fish exposed to 70 ppt water adjusted with NaCl, which had lower luminal MgSO 4 (Fig. 3A) . The difference in water flux rates between these two groups was only partly due to osmotic pressure differences, as evident from continued, although reduced, water loss, even when the osmolality of salines mimicking fluid chemistry from fish exposed to 70 ppt water supplemented with NaCl was equalized to that of the 70 ppt sea salt group (Fig. 3A) . We, therefore, attribute the significant difference in water flux between the in vivo-like treatments to a combined effect of the difference in osmolality and the ionic compositions of the salines. A similar pattern was observed for Ca 2ϩ flux, while (Fig. 4) . The absorption of water, Na ϩ , and Cl Ϫ by the intestinal epithelium increased as [NaCl] increased and [MgSO 4 ] decreased (Fig. 4, A and B) . In the treatments with higher [NaCl] and lower [MgSO 4 ], secretion of Mg 2ϩ and SO 4 2Ϫ appeared to be reduced, with mean fluxes near zero (Fig. 4C) , and the secretion of HCO 3 Ϫ was reduced (Fig. 4E) . Net K ϩ absorption was significantly elevated by increasing [NaCl], while Ca 2ϩ fluxes were unaffected by luminal chemistry in these experiments (Fig. 4D) .
Water and ion fluxes at two different NaCl and MgSO 4 concentrations and varying luminal osmolality are shown in Fig. 5 . As expected, absorption of water across the tissue decreased with increasing luminal osmolality regardless of luminal NaCl and MgSO 4 concentrations (Fig. 5A ). Preparations exposed to the luminal saline dominated by NaCl, with only 1 mM MgSO 4 , had significantly higher water flux than the treatment where these salts are of approximately equal concentrations. Increasing luminal osmolality did not affect absorption of Na ϩ , but Cl Ϫ absorption increased with osmolality and was significantly higher in both treatment groups at 360 mosm/kg compared with 300 mosm/kg ( (Fig. 5C ). There was no change in the flux of Mg 2ϩ , SO 4 2Ϫ , K ϩ , or Ca 2ϩ with respect to osmolality (Fig. 5, C and D) . However, intestinal HCO 3 Ϫ secretion increased significantly with osmotic pressure in the low [NaCl] treatment (Fig. 5E) .
Lastly, the addition of 60 mM MgSO 4 to a mucosal saline mimicking intestinal fluids observed in toadfish exposed to 35 ppt seawater prevents water absorption across the tissue (Fig. 6A ) without affecting any of the measured ion fluxes (Fig. 6, B-E) .
Renal contribution. Overall, ureteral urine flow rates (Fig. 7A ) in both hypersaline treatments were significantly higher than the 35 ppt control with the 70 ppt NaCl group having the highest rates. The urine flow rates in the 70 ppt NaCl group are greater than the control at all time points except 36 and 48 h. The osmolality was greater in both 70 ppt treatments at 36 h (Fig.  7B) . There was no difference in the pH of the urine in any treatment at any time point (Table 9) . Over the 72-h flux period, there was little difference in the urinary excretion of either Na ϩ or Cl Ϫ between the 70-ppt treatments and the 35-ppt control (Fig. 8, A and B) . Na ϩ is significantly elevated over the control at 24 h, while Cl Ϫ excretion in both hypersaline treatments was significantly greater than the control when examined using two-way ANOVA. In accord with differences in ambient Mg 2ϩ and SO 4 2Ϫ , there was a notable impact on Mg 2ϩ and SO 4 2Ϫ excretion (Fig. 8, C and D) . At the later time points, both 70-ppt treatments displayed elevated Mg 2ϩ and SO 4 2Ϫ excretion; however, the most pronounced differences were seen in the NaCl-adjusted group. Similarly, ion concentrations were unchanged in urine, except for Mg 2ϩ , which was significantly higher in both high-salinity treatments (Table 10) . Table 7 . Plasma ion concentrations of toadfish exposed to hypersalinity adjusted with either sea salt or NaCl Ionic composition of plasma in toadfish acutely exposed for 24 h to 50, 60, 70, 77, and 85 ppt seawater; adjusted from 35 ppt with sea salt or adjusted from 35 ppt with NaCl only. The 35 ppt reference values are from earlier studies (40) . *Significant difference between treatments at the same salinity.
DISCUSSION
In vivo exposures. The objective of this study was to investigate how ambient [MgSO 4 ] and [NaCl] limit tolerance to acute hypersalinity exposure. Osmolalities of plasma and intestinal fluid were tightly correlated (Fig. 2) and increased with salinity, regardless of the composition of ambient seawater (Fig. 1) , indicating that hypersaline exposure has a measurable effect on osmoregulation. Lower plasma and intestinal fluid osmolalities in fish exposed to NaCl-supplemented seawater (low [MgSO 4 ], high [NaCl]) than fish exposed to seawater supplemented with sea salt (high [MgSO 4 ], low [NaCl]) indicates that the former osmoregulate better than the latter (Fig.   1 ). In addition, decreased mortality at 85 ppt in low ambient [MgSO 4 ] suggests that these fish have a better ability overall to deal with acute hypersaline exposure, despite the elevation in ambient NaCl concentrations (data not shown). Three organs are of importance to water and salt exchange between a fish and its external environment: the gill, intestine, and kidney. Given that fish in water containing unusually high [NaCl] have the best overall tolerance to hypersalinity despite a greater gradient against which the gill must excrete NaCl, this eliminates the gill as a limiting ionoregulatory or osmoregulatory factor for hypersalinity tolerance. This observation leaves the intestinal and renal processes as potential limitations of handling high ambient salinity.
Intestinal transport processes. As part of this study, we designed four sets of intestinal sac preparation experiments to consider the potential impact of luminal ionic composition, particularly with regard to MgSO 4 and NaCl, and also to manipulate the osmolality differentials across the tissue. Fish exposed in vivo to 70 ppt, regardless of ionic composition, in this study survived, but intestinal epithelial preparations under the same conditions lost, rather than absorbed, water (Fig. 3A) . Thus, it appears that the isolated intestinal preparations do not perform as well as in vivo with regards to water and salt transport despite being viable and showing stable transport characteristics for Ͼ6 h (8, 10) . A discrepancy between tissue performance in situ and in vitro is common, and it is important to recognize that aspects of epithelial transport that can be examined using isolated preparations would be impossible to ) across the intestinal epithelium of intestinal sac preparations exposed to luminal fluid mimicking in vivo measurements of intestinal fluids in toadfish exposed to 70 ppt water adjusted with sea salt or adjusted with NaCl only and saline mimicking conditions from 70 ppt adjusted with NaCl only but with osmolality elevated to that of the 70 ppt group (NaCl Isoosmotic) (see Table 2 ). Positive values indicate absorption and negative values indicate secretion. *Significant difference between treatments. ) across intestinal sac preparations exposed to luminal salines mimicking in vivo measurements of intestinal fluids in toadfish exposed to 70 ppt adjusted from seawater with sea salt (n ϭ 10), adjusted from seawater with NaCl only (n ϭ 8 -10), and saline mimicking intestinal fluids from fish exposed to 70 ppt adjusted with NaCl only with osmolality elevated using mannitol to equal the osmolality of the 70 ppt group (NaCl isoosmotic) (n ϭ 10). Positive values indicate absorption and negative values indicate secretion.
A,B Observations marked with different letters represent significant differences between those treatments; shared letters indicate no difference. Luminal salines are isoosmotic to serosal saline, except for the 70 ppt NaCl treatment (see Table 2 for saline composition). study in vivo. Isolated tissue is void of microvasculature perfusion, nervous, and hormonal control, which may explain poorer performance than observed in vivo. Fluid secretion rather than absorption was observed in preparations exposed to the 70 ppt sea salt and isoosmotic NaCl treatments, and all preparations reported in Fig. 3 displayed substantial Mg 2ϩ and SO 4 2Ϫ secretion, which is in contrast to earlier observations from the Gulf toadfish (11) . Although Mg 2ϩ and SO 4 2Ϫ secretion occurs in all preparations and Na ϩ and Cl Ϫ secretion is seen in two of the three treatments, it is uncertain what drives fluid secretion by these preparations. It is also uncertain what stimulated the apparent fluid secretion, although high osmotic pressure of luminal and serosal salines might have contributed to this response. These experiments were performed on fish held in regular seawater, which maintain plasma and intestinal fluid osmotic pressure of ϳ310 mOsm (40), but isolated tissues were exposed to salines of 350 -374 mOsm to mimic in vivo conditions of fish exposed to 70 ppt. It is possible that this osmotic challenge of the tissue might have caused apparent fluid secretion, although this possibility remains to be evaluated experimentally.
A potential alternative explanation for the discrepancy between in vivo and in vitro observations is that the anterior intestine, which was used for the in vitro studies is not fully representative of the entire intestinal tract. Indeed, fluids in the posterior intestine exhibit the highest MgSO 4 concentrations and often the lowest NaCl concentrations. However, the majority of NaCl and water absorption by the intestine occurs in the anterior region, and luminal fluid composition differences along the intestinal tract are relatively minor (7). Nevertheless, Table 3 for saline composition). Positive values indicate absorption, and negative values indicate secretion.
A,B,C Observations marked with different letters represent significant differences between those treatments; shared letters indicate no difference. differences in the function of the intestinal segments with regard to ionoregulation and osmoregulation offer an exciting area for further research.
Water and ion fluxes across intestinal sac preparations under conditions mimicking intestinal fluid chemistry observed in vivo demonstrated that water absorption is hindered under conditions relevant for 70 ppt seawater supplemented with sea salt, thus a normal MgSO 4 :NaCl ratio (Fig. 3A) . Furthermore, these experiments revealed much less impact of intestinal fluid chemistry observed in fish exposed to the same ambient salinity but with a lower MgSO 4 :NaCl ratio, as in 70 ppt seawater supplemented with NaCl alone. These observations are in agreement with the in vivo observations of lower tolerance to hypersalinity in waters with normal MgSO 4 :NaCl ratios. The differences in water and ion fluxes observed between preparations exposed to the two different in vivo-like conditions can be attributed to the difference in both the ionic composition of the luminal fluid and the osmotic pressure. The addition of mannitol to the luminal saline that mimicked the intestinal fluid composition of fish in water supplemented with NaCl (low ; n ϭ 7-8; A) of intestinal sac preparations exposed to two luminal salines, each of which has been adjusted with mannitol to ϳ300, 320, 340, and 360 mosm/kg. High luminal [NaCl] (open bar) refers to treatment with 150 mM NaCl and 1 mM MgSO4; low luminal [NaCl] (gray) refers to treatment with 90 mM NaCl and 95.1 mM MgSO4 (see Table 4 ). Positive values indicate absorption, and negative values indicate secretion. The point at which the regression lines cross the reference line (dotted) x-axis indicates the shift from water absorption to water loss by the epithelium. Table 4 for saline composition). *Significant difference from 300 mosm/kg treatment. Flux of Na ϩ , SO 4
2Ϫ
, and K ϩ is significantly different between the low [NaCl] treatment and high [NaCl] treatment using ANOVA, but there were no significant differences between individual means. MgSO 4 :NaCl) raised the osmolality to that of the saline that mimicked intestinal fluid from fish residing in seawater supplemented with sea salt (normal MgSO 4 :NaCl) but reduced the rate of apparent fluid secretion to a lesser extent than the saline that varied in both osmolality and MgSO 4 :NaCl (Fig. 3A ). An obvious interpretation of these observations is that increasing the luminal NaCl concentration provided more substrate for solute-coupled water absorption. In addition, decreased luminal [MgSO 4 :NaCl] results in lower concentrations of MgSO 4 and thus less impact on luminal osmolality influencing water transport.
Increased luminal osmolality decreased water absorption, regardless of luminal ionic composition (Fig. 5A) ; however, the greatest water flux occurred in the high [NaCl] treatment. High luminal [NaCl] allows for greater uptake of NaCl and for water uptake against a greater osmotic gradient. Under in vivo-like conditions, the isolated toadfish intestine is capable of absorbing water against an osmotic gradient of up to ϳ35 mosm/kg [the difference between serosal osmolality (315 mosm/kg) and the mucosal osmolality at which water can no longer be absorbed (350 mosm/kg); see Fig. 5A ]. The ability of the toadfish intestine to absorb water against an osmotic gradient is ) (n ϭ 6 -8) (E) across intestinal sac preparations exposed to luminal saline mimicking intestinal fluids of toadfish in 35 ppt, and an identical saline to which 60 mM MgSO4 has been added (see Table 5 for saline composition). Positive values indicate absorption, and negative values indicate secretion. *Significant difference between treatments.
almost doubled (ϳ65 mosm/kg) by increasing luminal NaCl from 90 to 150 mM and reducing MgSO 4 from 90 mM to 1 mM. This agrees with previous work with perfused eel intestine, demonstrating that the osmotic pressure against which water absorption could be maintained was correlated with NaCl transport rates and that both NaCl absorption and the osmotic pressure resulting in zero water flux were greater in fish acclimated to higher salinity (37) .
In vivo, precipitation of CaCO 3 occurs in the intestinal lumen due to alkaline conditions, high total CO 2 levels, and ingestion of Ca 2ϩ -rich seawater (7, 41) . This precipitation has been estimated to result in a reduction of luminal osmotic pressure of up to 70 mosm/kg (42) . In the context of the present findings CaCO 3 precipitation seems to be very important for water absorption. Under in vivo-like conditions, fluid absorption becomes limited against gradients of 35 mosm/kg (Fig.  5A) , hence the lack of a reduction in luminal osmotic pressure resulting from CaCO 3 precipitation [70 mosm/kg (42)] may compromise intestinal fluid absorption and thus survival in seawater.
Water absorption by intestinal epithelia is eliminated by the addition of 60 mM MgSO 4 (Fig. 6A) (Fig. 6B) , demonstrating that the driving force for solute-coupled water absorption was maintained under these conditions and luminal to serosal water movement is likely unaltered by luminal MgSO 4 . Therefore, the observed reduction in net water absorption can be viewed as a result of back-flux of water from the serosal to mucosal fluids, driven by the osmotic gradient created by MgSO 4 . Under conditions in which osmolality has been elevated using mannitol instead of MgSO 4 (Fig. 5) , water absorption is similarly reduced. Increased absorption of Cl Ϫ when luminal osmolality is increased (Fig. 5B ) coincides with decreasing water absorption, further supporting the idea that reduction of water uptake is due to high luminal osmotic pressure, whether produced by mannitol or MgSO 4 .
Absorption of Na ϩ and Cl Ϫ by the intestinal epithelium primarily occurs via Na (21), with Cl Ϫ absorption also taking place in exchange for HCO 3 Ϫ secretion (7, 10, 42) . Overall, the present study reveals increased HCO 3 Ϫ secretion under lower luminal Cl Ϫ concentrations and increased osmolality (Fig. 5E) . Inversely, when luminal ions are dominated by NaCl, significantly greater Cl Ϫ absorption in conjunction with decreased HCO 3 Ϫ secretion is observed. Observations of reduced HCO 3 Ϫ secretion yet increased Cl Ϫ absorption with increasing luminal NaCl concentrations indicates a decreased importance of Cl Ϫ /HCO 3 Ϫ exchange at high [NaCl] . These observations are in agreement with earlier reports of elevated Cl Ϫ /HCO 3 Ϫ exchange when luminal NaCl concentrations are low and conditions for NaCl cotransport become less favorable (11) . In addition to increased Na ϩ and Cl Ϫ absorption in high [NaCl], greater net K ϩ secretion across the tissue at high luminal [NaCl] was also observed (Fig. 4D) 4 ], particularly at 70 ppt and higher ( Table 7 ). The effect on K ϩ transport is likely associated with K ϩ entering the lumen via an apical K ϩ channel (29) , to be recycled via uptake by NKCC, allowing for enhanced uptake of Na ϩ and Cl Ϫ via this transporter. (Fig. 5C) . The limited uptake of Mg 2ϩ and SO 4 2Ϫ despite substantial inward directed gradients in many of the present experiments illustrates low permeability of the intestinal epithelium to these ions. At least for SO 4 2Ϫ , this apparent impermeability is due to secretion of SO 4 2Ϫ in exchange for Cl Ϫ uptake, which acts to mask diffusive gain of this divalent anion (31) . Whether intestinal secretion of Mg 2ϩ is occurring similarly is currently unknown but offers an exciting area for further studies. Interestingly, secretion of Mg 2ϩ and SO 4 2Ϫ was observed in the present study, largely from preparations showing the lowest water absorption rates, whereas preparations with high water absorption rates showed negligible secretion of these divalent ions. A possible explanation for this observation is that high water absorption rates contribute to Mg 2ϩ and SO 4 2Ϫ absorption by solvent drag, an absorption that is exceeded by the tissues' capacity for secretion when water absorption rates are low.
Overall, it appears that intestinal water absorption, which is impaired by elevated luminal MgSO 4 and reduced NaCl, may present a limitation for osmoregulation at extremely high salinities. However, it cannot be dismissed that some MgSO 4 is absorbed across the intestinal epithelium in vivo, increasing the demand for renal excretion and associated water loss and that this process also may limit survival in extreme saline waters.
Renal contribution. We note that the urine collected in this study indicates only the effects of ion and fluid transport by the kidney, as the urinary bladders were tied off and their secretory and absorptive functions, therefore, precluded from impacting urine composition. Comparisons of bladder urine and ureteral urine in O. beta indicate significantly higher concentrations of monovalent ions in the latter, suggesting reabsorption of Na ϩ and Cl Ϫ by the urinary bladder (27) . However, urea concen- Ϫ excretion is significantly higher in both hypersaline treatments compared with 35 ppt using two-way ANOVA, but individual means were not different from corresponding control values.
The renal excretion of Mg 2ϩ and SO 4 2Ϫ was elevated at the later time points in both hypersaline treatment waters compared with 35 ppt seawater but was highest in the fish exposed to hypersaline waters supplemented with NaCl (low MgSO 4 : NaCl) (Fig. 8, C and D) , supporting the finding that fish exposed to hypersaline waters supplemented with NaCl had the highest intestinal MgSO 4 uptake and, therefore, the greatest need for renal clearance of these ions. As discussed above, MgSO 4 absorption across the intestine may be elevated due to solvent drag, as the intestine of fish exposed to 70 ppt water supplemented with NaCl alone is better able to absorb water. Flux of Mg 2ϩ and SO 4 2Ϫ across isolated intestinal epithelia of fish exposed to luminal saline mimicking 70 ppt supplemented with sea salt was not significantly different from luminal saline mimicking 70 ppt supplemented with NaCl alone. However, this may be due to differences between in situ and in vitro methods, as discussed above. Another possible explanation for this difference may be the function of the anterior intestine with regards to ion transport, which may not be representative of the response of the intestine as a whole. Further, greater urinary excretion of Mg 2ϩ and SO 4 2Ϫ in the fish exposed to hypersaline water supplemented with NaCl may be accounted for by the increased ureteral urine flow rate of these fish. Higher rates of urinary MgSO 4 excretion as a result of increased water loss are likely due to a reduction in renal NaCl reabsorption and/or an increase in NaCl secretion by the proximal tubule to maintain constant plasma osmolality.
Perspectives and Significance
In conclusion, the present study demonstrates that branchial and renal functions are not limiting survival of teleosts exposed to extremely hypersaline waters. Rather, intestinal water absorption appears to be the limiting physiological process for tolerance to high ambient salinity. While increased luminal osmotic pressure at high salinity does contribute to the prevention of water absorption, we have demonstrated that the ionic composition of the luminal fluid, particularly [MgSO 4 ] and [NaCl], dictates the epithelial capacity for net water absorption. Overall, we conclude that concentrated MgSO 4 within the intestinal lumen impairs water absorption and limits survival of toadfish in extreme hypersaline environments.
A variety of natural conditions expose fish to hypersalinity, from small, transient tidal pools and salt marshes, to anthropogenic salt-concentrating ponds and other inland waters (13, 28) , to long-term concentration of lakes or entire estuarine basins (12, 30) , emphasizing the need to understand the physiological constraints on vertebrate life in aquatic environments of increasing salinity. While study of fish exposed to hypersalinity in a laboratory setting is useful to understanding the physiology of osmoregulatory mechanisms, hypersalinity is clearly a challenge often experienced within the natural environment, and is, therefore, also interesting from an ecological viewpoint. Furthermore, many hypersaline environments, particularly inland salt lakes, differ in ionic composition from marine environments (13) . Teleost fish represent approximately half of all vertebrate species, and it is interesting to consider how this group has developed the physiological abilities to inhabit such a large range of environments that challenge maintenance of internal ion and water balance. Understanding these regulatory processes in teleost fish may provide a baseline for research in other vertebrates, including mammals.
